NMR studies of amyloid b-peptides (Ab) in aqueous solution provide a novel way in which to characterize the apparent Alzheimer's disease-related conformational polymorphism of Ab. In the aqueous medium, neither of the polypeptides Ab ox or Ab(1-42) ox (both of which contain a methionine sulfoxide at position 35) is folded into a globular structure, but they both deviate from random coil behavior by local conformational preferences of several short segments along the amino-acid sequence. Differences between the solution structures of Ab(1-40) ox and Ab ox are indicated only by decreased flexibility of the region from about residue 32 to the C-terminus in Ab (1 -42) ox when compared to Ab(1 -40) ox . The lack of the observation of more extensive conformational differences between the two molecules is intriguing, considering that Ab (1 -42) ox in aqueous solution has much higher plaquecompetence than Ab(1 -40) ox .
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Alzheimer's disease (AD) is associated with the progressive accumulation of amyloid deposits in the brain and is identified by extracellular neuritic plaques and neurofibrillary tangles [1] . The major components of the plaques are polypeptides with 39 -43 amino-acid residues, which are commonly referred to as 'amyloid b-peptides' (Ab). Once it is cleaved from the much larger amyloid precursor protein (APP), which is a glycoprotein containing a single hydrophobic transmembrane region, Ab has a high propensity for the formation of b-sheet-containing aggregates [2] . Production of Ab and its aggregation and deposition appear to play a causative role in the onset of AD, and genetic factors or brain injuries may accelerate this process [3, 4] .
Ab occurs as a heterogeneous ensemble of variant polypeptides in body fluids as well as in supernatants of cell cultures and brain amyloid deposits [5 -7] . Heterogeneity occurs at both chain ends as well as in nonterminal sequence positions. For example, a substantial proportion of the peptides in brain deposits contain methionine in position 35 as sulfoxide (Ab ox ) [6] . The heterogeneity at the C-terminus is of particular importance. About 90% of the molecules end at position 40 [Ab(x240)] and 10% at position 42 [Ab(x242)]. The extension by the dipeptide segment Ile41-Ala42 results in dramatically increased aggregation propensity when compared with the corresponding Ab(x240) [8, 9] . The importance of this effect lies in the fact that some individuals with inherited early onset AD bear a mutation which increases the proportion of Ab(x242) [10] [11] [12] .
In this paper we investigate whether the well documented, widely different competence for fibril formation of Ab ox and Ab(1-42) ox [13] might be related to different conformational properties of the monomeric forms of the two polypeptides. NMR spectroscopy in aqueous solution was used to study the two polypeptides Ab ox and Ab (1 -42) ox , which were both generated in a dedicated procedure to yield monomeric species that could be dissolved in aqueous media and would thus retain their full plaque-competence [14] . This investigation extends previous studies of the solution structures of Ab polypeptides, as these were mostly performed in solvent milieus that block aggregation, such as aqueous acids, trifluorethanol, SDS, or hexafluoroisopropanol (reviewed in [15] ). In the Discussion, the present results on Ab (1 -40) ox and Ab (1 -42) ox will be compared with data obtained from the only previous structural studies in aqueous solution, i.e. with the fragments Ab(10-35) [16] , Ab(1-40) [16] and Ab (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) [17] , which all have a low competence for fibril formation when compared with Ab (1 -42) ox .
M A T E R I A L S A N D M E T H O D S

Sample preparation
Recombinant human Alzheimer's peptides were produced by expressing recombinant fusion proteins in Escherichia coli. Ab (1 -40) ox and Ab (1 -42) ox peptides were liberated from their fusion tail by a procedure designed to generate monomeric peptides dissolved in 12 mM Tris/HCl [13, 14] [14] ). In 10-L fermenter cultures, the pH was regulated with 4 M potassium hydroxide solution. A shake flask culture (0.5 L) in the above medium was grown overnight and used to inoculate the fermenter. Thus, dilution of 15 N by inoculum could be prevented. All other parameters were the same as described elsewhere [14] . In order to determine the extent of 15 N-labeling, the Ab peptides were digested with endoproteinase lys-C prior to mass spectrometry analysis [18] . Based on the isotope pattern of the peptide fragments Ab (1 -16) and Ab(17-28) a labeling degree of 97% was calculated.
NMR measurements were performed at standard conditions of pH 6.4 and t ¼ 8 8C in 95% H 2 O/5% 2 H 2 O with 12 mM perdeuterated Tris/HCl buffer, unless stated otherwise. Typical polypeptide concentrations in the NMR samples were 0.1 -1 mM.
NMR spectroscopy, resonance assignment and structure calculations NMR measurements were performed on Bruker DRX500, DRX600, DRX750 and Varian Unity1400 spectrometers equipped with four radio frequency channels and triple resonance probes with actively shielded z-gradient coils. For data processing and spectral analysis we used the programs PROSA [19] and XEASY [20] , respectively.
Resonance assignments and the input for structure calculations with Ab (1 -40) ox were obtained by standard procedures from homonuclear 2D [29] and by the HNHA experiment [24] . The precision of the coupling constants is about 0.5 Hz. The calibration of NOE intensities vs. H distances and the structure calculations were performed using the program DYANA [30] . A bundle containing the 20 DYANA conformers with the smallest residual target function values (see below) is used as a basis for discussions on the solution conformation of Ab (1 -40) ox . Figure 5 was prepared with the program MOLMOL [31] .
R E S U L T S
NMR observation of the aggregation behaviour of Ab (1 -40) ox and Ab ox Ab (1 -40) ox is soluble at millimolar concentrations in aqueous solution at pH values between 8.2 and 6.4. There was no evidence of precipitation in the sample for 15 h after the solution was prepared ( Fig. 1 ): in fact, the 1 H NMR spectrum was unchanged after several weeks, suggesting that Ab ox aggregation in aqueous solution is very slow. The monomeric state of Ab (1 -40) ox in freshly prepared samples was further confirmed by the observation of a high-speed sedimentation profile in the analytical ultracentrifuge, and by NMR diffusion measurements (see Materials and methods). We observed some structured regions within the monomeric form of Ab (1 -40) ox (see below), but did not detect any intermolecular NOEs that might indicate aggregation. Using different methods, similar conclusions on the solution behavior of Ab (1 -40) ox were previously reported [13, 14, 16, 32, 33] .
Rapid aggregation of Ab(1 -42) ox was observed by the time change of the signal intensity in the NMR spectra (Fig. 1) . With special care, Ab (1 -42) ox solutions in H 2 O can be prepared in such a way that a freshly prepared solution contains close to 100% monomers, as shown by observation of a high-speed sedimentation profile in the analytical ultracentrifuge, whereas electron micrographs of Ab (1 -42) ox taken after several days show fibril formation [13] . The signal decay in the NMR spectra vs. time is exponential (Fig. 1) , as would be expected from the nucleation-dependent aggregation model for high Ab concentrations [34, 35] . As documented by Döbeli et al. [14] there is a strong batch-to-batch variability of the stability of Ab(1-42) monomers in aqueous solution, so that the data in Fig. 1 represent a particular example rather than a standard value.
Resonance assignment and structure calculation of Ab(1 -40) ox Sequence-specific 1 H resonance assignments were obtained using sequential NOEs (Fig. 2) At the bottom the differences between a-proton chemical shifts and the corresponding random coil values (BMRB data bank) are shown (the random coil value for methionine was used for methionine sulfoxide). A total of 628 NOESY cross peaks obtained at 750 MHz with a mixing time of 200 ms were assigned and integrated, resulting in 366 meaningful NOE upper limit distance constraints. Patterns of backbone -backbone NOE connectivities and small 3 J HNa scalar couplings are shown in Fig. 3 , and Fig. 4 surveys the sidechain-backbone and sidechainsidechain NOE connectivities.
The structure calculation presented in Table 1 was started with 50 randomized conformers, using an input of 366 NOE upper limit constraints and dihedral angle constraints for 99 dihedral angles. The 20 DYANA conformers with the smallest target function values were subjected to restrained energy minimization using the AMBER all-atom force field [36] implemented in the program OPALP [37, 38] . Deviations from ideal geometry are minimal, and similar AMBER energy values were obtained for all 20 conformers (Table 1) .
Structural characterization of Ab ox CD data indicate that Ab ox in aqueous solution is mainly a random coil [32] . We measured 15 
N{
1 H}-NOEs to further investigate the flexibility of Ab (1 -40) ox in aqueous solution: typically, negative (Fig. 5C ) and 500 MHz (data not shown), respectively. On the basis of these data, a rotational correlation time of 1 ns was estimated for the 15 N-1 H bonds [25] . Thus, the 15 N{ 1 H}-NOE data indicate that only the N-terminal residue and the C-terminal segment 37 -40 have high flexibility. Ab (1 -40) ox is thus less flexible than, for example, the 100-residue 'tail' of the murine or Syrian hamster prion (1-40) ox of the number of sequential and medium-range NOE distance constraints involving side chain hydrogens (white, sequential; black, mediumrange). proteins [39, 40] . Based on these observations, some nonrandom structure was expected in Ab(1 -40) Table 1 ) indicates a trend to nonrandom structure for the following peptide segments: residues 20 -24 form a helical turn (Fig. 6A) ; the segment 16-24 is characterized by numerous interresidual hydrophobic contacts, with NOEs between the sidechains of Leu17 and Phe19, Leu17 and Phe20, Val18 and Phe20, Phe19 and Ala21, Ala21 and Val24, and Phe19 and Val24; a clustering of residue 26 and the segment 29 -36 is indicated by NOEs between methyl groups of Ile31, and the 1 H N of Ser26, Gly33, and the side chain of Leu34; for residues 30 -34, a locally well defined backbone conformation is indicated by the result of the structure calculation (Fig. 6C) ; for the segment 8-12 the result of the structure calculation suggests a turn-like nonrandom structure (Fig. 6B) .
The algorithm GOR [41] indicates a propensity for helical structure formation for the entire segment of residues 11-24 in Ab. The helical turn of residues 20 -24 observed in aqueous solution is thus located in a region with predicted helix propensity, which is more clearly represented by the helix of residues 16-24 observed in an aqueous SDS micellar environment [15, 32] and by even more extended helix formation in helix-inducing solvents [42, 43] . The scarcity of medium-range backbone -backbone NOEs [25] (Fig. 3) indicates a low population of the local nonrandom conformational features of Ab ox in aqueous solution. For example, NOE constraints d ab (i,i 1 3), which are commonly observed in a helices [25] , are completely absent in Ab ox (Fig. 3) , and only one d aN (i,i 1 3) NOE constraint was observed (Fig. 3) . The observation of similar 1 H a chemical shift deviations from their random coil values for nearly the entire Ab (1 -40) ox sequence in aqueous solution (Fig. 3 ) would be compatible with the assumption that the entire chain from residues 1-32 forms a nonrandom, rapidly interconverting conformational ensemble. With regard to the 1 H a chemical shifts the previously mentioned peptide segments with indications of nonrandom structure do not stand out from the remainder of the polypeptide segment 1 -32, which would again be compatible with low populations of the molecular species with nonrandom structure. It is further seen that the structural features prevailing in a small proportion of Ab (1 -40) ox in aqueous solution appear to be different from the nonrandom structure seen in other solvents. For example, while the residues 16 -19 are helical in aqueous SDS, a more elongated structure seems to be favored in aqueous solution (Fig. 6A) . Similarly, the highly hydrophobic segment of residues 28-36, which forms an a helix in aqueous SDS [32] , has a more elongated structure in aqueous solution (Fig. 6C) .
Comparison of Ab ox with Ab ox
Compared to Ab (1 -40) ox , Ab(1 -42) ox aggregates rapidly [14] (Fig. 1) , highlighting the strong impact of residues Ile41 and Ala42 on the solution properties of Ab. Only a limited number of NMR experiments have thus been feasible with Ab (1 -42) ox , which nonetheless allow some comparisons of corresponding structural parameters in Ab (1 -42) ox and Ab (1 -40) ox . These include 3 J HNa scalar coupling constants (Fig. 5B) (Fig. 5A ), which are so closely similar that no differences between the average structures of the two peptides are indicated. 15 
1 H}-NOEs (Fig. 5C ), which yield data on the mobility of the peptide, reveal some differences. 
D I S C U S S I O N
In the recent years, it has become evident that the aggregation of Ab may proceed via a different intermediate state, including monomers, small oligomers, nucleation cores, polymeric sheets, intermediate fibrils, protofilaments and multistranded fibrils as well as amorphous aggregates [44] . A selection of variant Ab polypeptides that differ by aminoacid exchanges in position 35 or by variable C-terminal chain lengths, were shown to exhibit different aggregation properties as well as different proportions of these intermediates and a different fiber morphology [13] . With the present study we wanted to investigate whether these differences could also be related to different conformations of the monomeric Ab polypeptides. Ab is thought to rearrange from a helical membranespanning conformation when it is part of intact APP via a so far unknown conformation in body fluids to an aggregated form with b sheet secondary structure, which is found in Alzheimer plaques. In helix-forming solvents, partially or nearly fully helical Ab conformations have been reported [15, 32, 42, 43] , but in water there are only indications of small populations of local nonrandom structure (Figs 3-6) . In previous NMR studies of Ab (1 -40) and Ab(1 -35) in aqueous solution [16] , a solution conformation was derived for Ab (1 -35) . For Ab (1 -40) , the 1 H a chemical shifts were found to be similar to the corresponding chemical shifts in Ab (1 -35) , which led the authors to suggest that the two peptides have similar conformations. A comparison of the NMR data for Ab(1 -35) with those for Ab ox indicates close similarities for the residues 17 -21 (Fig. 6A) . However, a helical turn of residues 20 -24 that would correspond to the structure in Fig. 6A was not reported for Ab (1 -35) , where in turn some long-range interactions of the residues 17-21 with Tyr10 and Met35 were documented, which are not observed in Ab (1 -40) ox . These apparent structural differences might be a consequence of the different lengths of the constructs used, the different pH values, or the different oxidation states of Met35. In particular, the absence of long-range interactions between the central region of the polypeptide chain and Met35 in Ab (1 -40) ox in aqueous solution might be related to the observation that the oxidation of Met35 has a strong destabilizing influence on the structure of micelle-associated Ab [32] . Overall, considering that Ab (1 -42) ox is much more plaque-competent than Ab (1 -40) ox , it is intriguing that the present study detects a significant difference only in the reduced flexibility near the C-terminus of Ab (1 -42) ox when compared with Ab (1 -40) ox , but not in the NMR parameters that relate to the mean structure. We thus have an apparent correlation in that reduced plaque-competence [9, 13] and increased flexibility of an extended segment near the C-terminus of monomeric Ab in aqueous solution are both related to deletion of the hydrophobic residues Ile41 and Ala42.
The failure of the present comparative NMR measurements of 15 N and amide proton chemical shifts, and 3 J HNa coupling constants to detect differences between the average conformations of Ab (1 -40) ox and Ab(1 -42) ox shows that both polypeptides form a rapidly exchanging ensemble of predominantly extended chains, which probably include admixtures of species with locally nonrandom structure, as exemplified by data on Ab (1 -40) ox (Figs 3, 4 and 6) . This result leads to two conceptually different possible conclusions, which may possibly be further distinguished with the use of novel techniques in future investigations. One is that the widely different plaque competence of Ab ox and Ab (1 -42) ox results from different relative stabilities of intermediate forms found along the pathways leading to plaque formation (see above), and cannot be traced to conformational differences of the monomeric species. Alternatively, the different physiological properties of Ab ox and Ab(1 -42) ox could correlate either with the presently reported increased stiffness of the C-terminal chain end in Ab (1 -42) ox (Fig. 5C) , and/or with the presence of different lowly populated nonrandom monomeric conformers in the two peptides. The latter might not contribute measurably to the ensemble-averaged experimental values of chemical shifts and spin -spin coupling constans (Fig. 5A,B) but could, because of the different averaging, be manifested in the NOE data (Figs 3, 4, 5C and 6) [25] . Overall, the results of the present project emphasize the importance of conducting structural studies in nearphysiological milieu rather than in 'structure-inducing' solvents, although the latter will usually provide technically more readily accessible and therefore more precise structural data.
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